Abstract. At intermediate energies it appears advantageous to work without partial wave decomposition and use directly the momentum vectors. We derived a finite set of coupled Lippmann-Schwinger equations using helicities. They can be used for any type of realistic NN forces, which are given in operator form. As an example we have chosen the Bonn OBEPR NN potential.
Introduction
At low energies up to few tenth of MeV very few partial waves are sufficient to describe NN scattering. However, at intermediate (a few hundred MeV) and higher energies many partial waves are needed. Besides in this energy region the scattering amplitude for a high partial wave oscillates strongly in angle. This suggests T-matrix calculations using directly the momentum vectors.
One-boson-exchange NN potentials are derived in momentum space. Instead of using spin operators with a fixed quantisation axis often these potentials are formulated in helicity representation. Moreover, in high energy region taking relativity into account is unavoidable. Thereby, using spin components along a fixed direction is more complicated than using helicities [1] .
There are some works [2] [3] [4] preceding ours, which address formulations without partial waves and one of them [3] even using helicities. We propose a modified form of equations in comparison to [3] . We present here the formalism for the two nucleon system avoiding partial waves and using helicities.
In Sect. 2 we describe the Lippmann-Schwinger equations as well as the basis states and the physical T-matrix. In Sect. 3 we show the operators to express NN potentials. In Sect. 4 we show the relation between the partial wave T-matrix and the helicity T-matrix. We conclude in Sect. 5.
Basis States, Lippmann-Schwinger Equation and Physical T-Matrix
To calculate observables we need T-matrix elements. Firstly we define basis states based on which T-matrix elements are calculated by solving the Lippmann-Schwinger equation. The basis states are
which are antisymmetric choosing |q;qSΛ π ≡ 1 √ 2
(1 + η π P )|q;qSΛ and |q;qSΛ ≡ |q |qSΛ . Here q, S, Λ, P and η π are relative momenta, total spin, total helicity, parity operator and parity eigenvalue, respectively.
Based on these basis states the T-matrix element is defined as
Forq =ẑ one can show
obeys a set of coupled Lippmann-Schwinger equations:
For S = 0 it is a single equation but for S = 1 it is a set of two coupled equations. We need to solve it only for helicities 0 and 1. Figure 1 shows a three dimensional plot of the real part of the half-shell T-matrix for S = 1, parity = even, Λ ′ = −1, Λ = 1 at E lab = 100 MeV. The physical T-matrix for spin-magnetic and isospin quantum numbers m 1 m 2 , ν 1 ν 2 is calculated using the following relation:
Operators for the Potential
We need potentials given in operator form. For the example of OBEPR there are five types of operators, called O operators in [3] , which cannot be applied directly to our basis states. We take the six Ω operators from [3] for which this application is possible, but we redefined Ω 5 so that
The relation between the O and the Ω operators is then
The Partial Wave T-Matrix
From the helicity T-matrix we can calculate the partial wave T-matrix.
where T Sjt l ′ l (q) ≡ q(l ′ S)jmt|T |q(lS)jmt . We calculated phase shifts from the T-matrix (7) using the Bonn OBEPR potential [5] . They are shown in Table 1 together with those calculated using partial wave decomposition. Table 1 . Phase shifts at E lab = 100 MeV (first line) and E lab = 325 MeV (second line). δ = phase shift from the T-matrix (7) and δpw = phase shift from partial wave calculation. 
States

Summary
We have formulated a method to carry out scattering process calculations of the two nucleon system without partial wave decomposition in helicity representation. With this method we can reduce the algebraic and numerical work drastically. We need to solve only one set of Lippmann-Schwinger equations instead of solving many for all partial waves. The results of phase shift calculation shows that this method works well.
